, an electron-rich surrogate for K + (23) (Fig. 4C ). Sequence alignments indicate that several of the residues that line the side portals vary among K2P channels ( fig. S1A ). This may account for some of the electrophysiological differences between K2P channels (4) and suggests that it may be possible to block the extracellular ion pathway with channel-specific drugs. The presence of the extracellular cap explains why protein toxins that block the pores of many tetrameric K + channels from the extracellular side are ineffective against K2P channels (5, 41, 42) . Members of the Kir family of tetrameric K + channels are also relatively insensitive to these toxins, and this is attributed to the particularly large turrets (containing 20 amino acids) of these channels on the extracellular side (43) . In addition to conferring resistance to toxins, it is possible that the extracellular cap serves as a binding site for endogenous extracellular factors that modulate K2P channel activity.
Subunit interface. K2P1 has an unusual transmembrane molecular surface that may have important functional consequences. The two P domains within each K2P1 subunit form a continuous molecular surface throughout the transmembrane region (Fig. 5A) . However, the surface formed at the interface between the two subunits is markedly different from the intramolecular surface and from the transmembrane surfaces of tetrameric K + channel structures determined to date (Fig.  5B ). In K2P1, openings between the subunits expose the central cavity to the hydrophobic core of the lipid membrane. The two openings, one on each side of the dimer, are sealed off at the top at the level of the selectivity filter and at the bottom by the C helix and consequently span much of what would correspond to the inner leaflet of the membrane. They are located between the M2 helix of one subunit and the M4 helix of the other (Figs. 1A and 5B). The separation between these helices arises from M4 being more perpendicular to the membrane than M2 and from a bend in M2 that occurs at Pro 143 . Pro 143 is conserved in most K2P channels, suggesting that analogous openings may be present in other K2P channels.
Electron density maps revealed tubes of density within the openings just below the selectivity filter (Fig. 5 , B and C). The density is consistent with two alkyl chains of about 11 carbons each. The alkyl chains could arise from detergent used in purification or from bound lipids that copurified with K2P1. Two lines of evidence support the binding of alkyl chains within the openings. First, the recently determined crystal structure of a prokaryotic voltage-dependent Na + channel contains analogous openings (termed fenestrations) (44) . The fenestrations were filled with electron density that could be attributed to lipid alkyl chains, suggesting that this may be a property common to other channels. Second, lipids are known to affect TREK-1 channel function, and residues that play a role in lipid sensing correspond to positions along the C helix of K2P1, which is located directly below the openings (9-12, 45).
The openings may provide a way for hydrophobic K + channel inhibitors, such as THA, to reach the central cavity via the membrane and suggest that screening of lipophilic compounds may be an effective strategy for ion channel drug discovery. The openings create a physical connection between the membrane and the ion pore and thus may be a means of coupling properties of the membrane such as lipid composition or mechanical tension with K2P channel function.
Supporting Online Material www.sciencemag.org/cgi/content/full/335/6067/432/DC1 Materials and Methods Figs. S1 to S6 Table S1 References (46- Stephen G. Brohawn, Josefina del Mármol, Roderick MacKinnon* TRAAK channels, members of the two-pore domain K + (potassium ion) channel family K2P, are expressed almost exclusively in the nervous system and control the resting membrane potential. Their gating is sensitive to polyunsaturated fatty acids, mechanical deformation of the membrane, and temperature changes. Physiologically, these channels appear to control the noxious input threshold for temperature and pressure sensitivity in dorsal root ganglia neurons. We present the crystal structure of human TRAAK at a resolution of 3.8 angstroms. The channel comprises two protomers, each containing two distinct pore domains, which create a two-fold symmetric K + channel. The extracellular surface features a helical cap, 35 angstroms tall, that creates a bifurcated pore entryway and accounts for the insensitivity of two-pore domain K + channels to inhibitory toxins. Two diagonally opposed gate-forming inner helices form membrane-interacting structures that may underlie this channel's sensitivity to chemical and mechanical properties of the cell membrane.
C ellular electrical signaling relies on a resting potential difference that originates in the membrane's permeability to K + (1). K + -selective pores but deviate in detail, suggesting more complex underlying channel behavior. Leak K + currents are now recognized as resulting from the activity of two-pore domain K + ion channels (K2P channels) (3) . Discovered as the final member of the K + channel family (4-6), K2P channels have remained less well characterized than other K + channels. Perhaps the prospect of studying simple "leakage" has somewhat delayed progress.
The view of K2P channels as passive K + leaks has recently changed. K2P channels control the resting potential in many cells, and their regulation can directly tune cellular excitability. K2P channels have among the most varied sets of ion channel modulators, including mechanical force, temperature, lipid interaction, voltage, pH, posttranslational modification, and accessory protein interaction (3, 7, 8) . Pharmacologically, K2P channels are targets of antidepressants, inhalational anesthetics, neuroprotective agents, and respiratory stimulants (9) (10) (11) (12) . Their deregulation underlies human pathophysiologies including BirkBarel syndrome and familial migraine with aura (13, 14) . K2P channels constitute one of five clades within the K + channel superfamily (fig. S1, A and B). Although their sequences are diverse (figs. S1C and S2), K2P channels have two shared characteristics. First, K2P channels contain two concatenated pore domains on a single protein chain protomer (fig. S1A) ; each pore domain contains an outer and inner membrane-spanning helix flanking a membrane-reentrant segment that forms a pore helix and K + selectivity filter. K + channels of known structure have one pore domain per protomer and form four-fold symmetric tetramers. Second, K2P channels contain a segment of~60 amino acids on the extracellular side of the first pore domain. This segment has often been referred to as a "loop," and its role in channel function has been unknown. The best-studied subfamily of K2P channels includes TRAAK (TWIK-related arachidonic acid-stimulated K + channel), TREK-1, and TREK-2 ( fig. S3 ) (15) (16) (17) . Unlike other K2P channels, they are mechanosensitive and modulated by polyunsaturated fatty acids and temperature (18) (19) (20) (21) . Physiologically, TRAAK and TREK-1 appear to regulate the noxious input threshold for temperature and pressure sensitivity in mouse dorsal root ganglia (22) . These channels are highly sensitive to the structure and chemical composition of the lipid bilayer, but a mechanistic 
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rationale for these biophysical properties has not been possible in the absence of structural information.
Crystal structure of TRAAK. Human TRAAK was recombinantly expressed and purified from Pichia pastoris. Diffracting crystals were obtained by mutating two consensus N-linked glycosylation sites (Asn 104 → Gln, Asn 108 → Gln), and the predicted intrinsically unstructured C-terminal region was truncated (to Gln 300 ). Four complementary approaches were taken to assess the functional integrity of this modified construct. First, macroscopic currents were examined in cells expressing TRAAK (Fig. 1A) (Fig. 1A, inset) . Second, channel activation by arachidonic acid and mechanical force was examined. TRAAK channels were robustly activated above basal levels after perfusion of arachidonic acid (Fig. 1B) . The extent of activation above basal levels by arachidonic acid was comparable to that measured from fulllength TRAAK channels (Fig. 1C) . Application of positive pressure through the pipette to outsideout patches also activated TRAAK channels ( fig.  S4 ). [Future quantitative assessments of the gating response to mechanical perturbation will require simultaneous measurements of pressure and membrane curvature to ascertain tension as the independent variable (23 (Fig. 1D) . Fourth, recordings were made with planar lipid bilayers into which purified TRAAK channels were reconstituted (Fig. 1E) . The bilayer recordings show voltage-independent channels exhibiting exquisite selectivity for K + over Na + (Fig. 1F) . Taken together, these data show that the channel we have expressed, purified, and crystallized exhibits the fundamental biophysical properties of previously described TRAAK channels (24) . Crystals of TRAAK grown in 150 mM KCl diffracted to 3.8 Å. Initial attempts at molecular replacement using known K + channel structures were unsuccessful. The structure was thus solved with phases determined from a multiplewavelength isomorphous replacement with anomalous scattering experiment using a crystal grown in the presence of TlNO 3 substituted for KCl. Additional register information was obtained from anomalous scattering data collected from crystals derivatized with CH 3 Hg + to covalently label cysteine residues. The experimentally phased maps were of sufficient quality to model the majority of the structure ( fig. S5 ), and the final TRAAK Right: Illustration of TRAAK protomer organization. Approximate boundaries of structural features are indicated in the illustration and labeled in the structure: N and C terminus, outer helix (OH), helical cap, pore helix (PH), selectivity filter (F), and inner helix (IH). (B) A view of the TRAAK channel from the cytoplasmic solution. The protomer shown in (A) is rotated 90°both into the page and clockwise, and the second protomer is half-transparent. (C) Stereo view of TRAAK viewed from the membrane plane with the protomer shown in (A) rotated 90°. The disulfide bond bridging the apex of the helical cap is shown in stick representation, with the cysteine sulfur colored yellow. Note that part of the cytoplasmic extension of protomer B (residues 180 to 187) is not present in the final TRAAK model because of weak electron density features. Here, it is modeled from a superposition of the well-defined region in protomer A for visual clarity. Loops not modeled in the structure because of a lack of interpretable electron density are drawn as dashed gray lines.
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model was refined to R work /R free = 31.7/32.3% with good geometry (table S1) .
TRAAK crystallized in space group p2 1 2 1 2 1 with two protomers, each containing two nonidentical pore domains-pore domain 1 and pore domain 2-in the asymmetric unit, forming a single K + channel with a molecular two-fold axis (along the K + conduction pathway) noncoincident with crystal symmetry axes ( fig. S6 ). Viewed from the bilayer plane, the transmembrane region of the channel spans~35 Å in height and is formed by the outer helix, pore helix, K + selectivity filter, and inner helix from the four pore domains ( Fig. 2A) . Extensions of the inner helices and the linker between pore domains 1 and 2 protrude~10 Å further into the cytoplasmic side. On the extracellular side of the transmembrane region is a structural unit we term the helical cap, extending 35 Å above the membrane. The helical cap is not observed in other ion channels of known structure. When viewed from the cytoplasmic side of the membrane, the channel is rhomboid-shaped; the inner helices of pore domain 1 are separated by~75 Å across a long axis, whereas the inner helices of pore domain 2 are separated by~50 Å across a short axis (Fig. 2B) .
Structural asymmetry in TRAAK. Structural differences between pore domains 1 and 2 in each protomer of TRAAK result in deviation from the four-fold symmetry of known K + channel structures and generate an approximately two-fold symmetric channel instead (Fig. 2C) . Differences between TRAAK pore domains 1 and 2 are most evident in three regions: the outer helix-pore helix connection, the filter-inner helix connection, and the inner helix ( fig. S7A) .
The difference between the outer helixpore helix connections in pore domains 1 and 2 is shown in fig. S7B . In pore domain 1, thẽ 60-amino acid connection forms a two-helix hairpin extending~35 Å into the extracellular solution. The helices from each protomer pack together to form the helical cap and are covalently linked by a disulfide bond between interhelix turns at the cap apex. A conserved glycine allows a tight turn at the bottom of the second helix leading to an extended loop containing the N-linked glycosylation sites and connecting to the pore helix. The outer helix-pore helix connection in pore domain 2 forms a short four-residue linker structurally similar to the corresponding "turret" (fig. S8) .
The difference between the selectivity filterinner helix connections in pore domains 1 and 2 is shown in fig. S7C . In pore domain 1, this connection is short and forms an interaction network conserved in most K + channel structures tethering the extracellular end of the outer helix and inner helix ( fig. S9 ), whereas in pore domain 2, this connection is longer and forms an extended bridge to the inner helix. The interaction network observed in pore domain 1 is absent because of the extended linker and lateral displacement of the pore domain 2 inner helix from the channel core.
The difference between the inner helices in pore domains 1 and 2 is shown in fig. S7D . The pore domain 1 inner helix is kinked halfway through the bilayer and projects toward the cytoplasmic side at an angle~25°more acute to the membrane plane than the pore domain 2 inner helix. Pro
155
, two residues C-terminal to the hinge glycine conserved in all K + channels, permits this helix distortion because of its lack of a hydrogen bond donor at the backbone amide position. Pro 155 is conserved in K2P channel pore domain 1 inner helices [except in THIK-1,2 (fig. S2)] and not observed in pore domain 2 or in other ion channels. The pore domain 1 inner helix is also longer by three helical turns that lead to the cytoplasmic connection between pore domains 1 and 2.
Convergent four-fold symmetry at the selectivity filter. The pore helix and selectivity filter are the most conserved regions of K + channels. The majority of K + channel selectivity filters share the canonical sequence Thr-x-Gly-Tyr-Gly-Asp-x (where x denotes a hydrophobic amino acid). In TRAAK, the selectivity filter is made from the sequences Thr-Val-Gly-Tyr-Gly-Asn-Tyr (pore domain 1) and Thr-Ile-Gly-Phe-Gly-Asp-Val (pore domain 2). Comparison of TRAAK to the prototypical K + channel KcsA (27) demonstrates that the overall two-fold symmetric channel converges to an essentially four-fold symmetric pore helix and selectivity filter (Fig. 3) . Only minor deviations due to conservative side chain substitutions between the two TRAAK pore domains were observed. The atomic positions of K + coordinating oxygens from selectivity filter residues in TRAAK align well with those from KcsA (root mean square deviation = 0.6 Å). We modeled four K + ions in positions S1 to S4 and a fifth ion in the extracellular site S0 on the basis of observed electron density from native crystals grown in 150 mM KCl, Tl + positions in derivative crystals determined from anomalous scattering data, and chemical knowledge of the ion conduction pathway. The convergence to nearly perfect fourfold symmetry at the pore helix and selectivity filter in the two-fold symmetric TRAAK channel implies strong evolutionary pressures maintaining the integrity of nature's solution to highly selective K + conduction through an ion channel.
The TRAAK helical cap structure and implications for K + access and pharmacology. The helical cap is unprecedented in ion channel structures and is likely a conserved feature of K2P channels. The interface between protomers is large (~850 Å 2 ) and forms a complementary hydrophobic core (Fig. 4, A and B) . The region is conserved in length among K2P channels, with residues that form the hydrophobic core more conserved than those that are solvent-exposed ( fig. S2 ). The interprotomer disulfide-bonded cysteine is conserved in most K2P channels ( fig.  S2 ) and was correctly predicted to covalently link TWIK protomers (28) . The TRAAK helical cap is modestly askew of the molecular two-fold axis along the ion conduction pathway. This is presumably the result of crystal packing between the helical cap from one channel and a neighboring channel in the crystal ( fig. S6 ). As a result, residues 55 to 60 from one protomer are extended, whereas the rest of the cap displays approximate two-fold symmetry.
What might be the functional ramifications of the helical cap? The rigid helical bundle of the cap is positioned above the mouth of the channel pore tethered to pore domain 1 outer helices, bridging opposite sides of the channel. The surface of the helical cap is far enough above the pore entrance to allow unhindered K + access from two sides. However, the cap blocks K + access from above and from the two tethered sides, creating a bifurcated extracellular pathway for ions to the pore (Fig. 4 , A and C). Consistently, we observed a Tl + ion along one branch of the split pathway to the pore in crystals grown in the presence of TlNO 3 in place of KCl (Fig. 4 , A and C).
K2P channels are not responsive to known K + channel blockers including pore-blocking toxins from the extracellular side (6, 16). The TRAAK structure provides a simple explanation for these observations: The presence of the helical cap above the pore would sterically prevent toxin access to the channel mouth. A similar steric occlusion mechanism was proposed for Kir2.2 on the basis of its atypically tall turrets surrounding the pore entrance (29) . By fully preventing access to the mouth of the channel from above and two 
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Implications of TRAAK structure for channel gating. The crystal structure of TRAAK has an open inner helical gate ( It is interesting to speculate on the potential for inner helix gating in TRAAK. Recent studies have suggested that the closely related K2P TREK-1 has an inner gate that is constitutively open (31, 32) . Three features of the TRAAK pore domain 1 inner helix may be relevant if TRAAK has a similarly constitutively open inner gate: the presence of Pro 155 that kinks the helix, the nature of the putative membrane interaction region (discussed below), and the peptide linkage to the pore domain 2 outer helix. The combination of these structural features may restrict the ability of the pore domain 1 inner helix to access a closed inner gate conformation.
TRAAK (and TREK) channels are exquisitely responsive to the chemical and mechanical properties of the lipid bilayer. Chemically, TRAAK is activated by arachidonic acid, other polyunsaturated fatty acids, and lysophosphatidic acid by an apparently direct mechanism (16, (33) (34) (35) . Mechanically, applying the equivalent to positive (and not negative) intracellular pressure through a patch pipette reversibly activates TRAAK and TREK (21, 34) , whereas hyperosmolarityinduced cell shrinkage reduces TREK currents (20) . Pressure-induced activation of TRAAK is enhanced upon cytoskeletal disruption or patch excision, which suggests that TRAAK directly responds to the physical state of the bilayer (21) .
What might be the molecular sensor(s) of the mechanical and chemical state of the bilayer in TRAAK? In TREK channels, a region immediately C-terminal to the intracellular end of the pore domain 2 inner helix has been demonstrated to be involved in activity modulation by mechanical force, lipids and fatty acids, acidic internal pH (pH i ), phosphorylation, and interaction with the accessory protein AKAP150 (20, (36) (37) (38) (39) (40) . The homologous C-terminal region in TRAAK is included in the crystal construct and is partially modeled as a cytoplasmic extension of the pore domain 2 inner helix (Fig. 2) . However, this region has not been shown to be involved in TRAAK modulation: TRAAK is not activated by acidic pH i , TRAAK does not interact with AKAP150, and chimeras exchanging this region with that from TASK K2P channels display unaltered response to arachidonic acid and mechanical force (34, 36, 39, 41) . Together, these data suggest that an alternative molecular sensor is used for TRAAK lipid activation and mechano-activation.
A distinctive structural feature of TRAAK is illustrated in Fig. 5A ) farther along the helix is also directed toward the same plane. These five residues are conserved in basic character among TRAAK channels ( fig. S3 ). The amphipathic helix is thus positioned to interact with both the hydrophobic tails and acidic head groups of membrane lipids. This structured extension of the pore domain 1 inner helix, which extends like a tendril out into the lipid membrane inner leaflet, may be related to this channel's ability to respond to both mechanical and chemical properties of the cell membrane.
Another consequence of the inner helix structure in TRAAK is illustrated in Fig. 5B . The relative orientation of inner helices creates an extended lateral opening to the central cavity from the membrane. Between the two protomers, a gap~5 Å wide extends through the bilayer from the bottom of the selectivity filter to the ends of the pore domain 2 inner helix and pore domain 1 outer helix on the cytoplasmic side. Although we observed electron density from the central cavity to the lateral openings in TRAAK, we were not able to confidently assign and model a ligand at this resolution. Lateral openings have been observed in other ion channels, including the K + channel KcsA (27) and the voltagegated sodium channel (42) This PDF file includes:
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Figs. S1 to S10 Table S1 References and two-fold local NCS restraints and converged to an R free =32.3% with good geometry (Table S1 ). Strict two-fold NCS restraints were not used, as there exist small but significant differences in the relative orientations of some regions of the channel including the outer helices and helical cap. Two loops and residues at each protomer terminus were not modeled due to lack of interpretable electron density. The final model consists of TRAAK residues 25-106, 112-187, and 190-290 in protomer A, residues 27-104, 112-179, and 193-290 in protomer B, and five K + ions.
Cloning
We note that while protein mediated crystal contacts between the helical cap and the pore domain 1-2 linking region are observed along the b axis in the crystal, both a and c axes lack well defined protein mediated contacts ( Flux assay. Frozen vesicles were thawed and briefly sonicated prior to the assay.
mM NaCl, 1 mM EDTA, 2 "M 9-amino-6-chloro-2-methoxyacridine (ACMA)).
Fluorescence was recorded every 10 seconds (excitation $=410nm, emission $=490nm).
After 30 seconds of baseline fluorescence was monitored, K + flux was initiated by addition of 1 "M m-chlorophenyl hydrazone (CCCP) to collapse the electrical potential.
The chemical gradient was terminated by addition of the K + ionophore valinomycin to 0.02 "M and fluorescence was monitored until equilibrium reached.
Lipid bilayer recordings.
Vesicles from the same reconstitution used for the flux assay were thawed and briefly sonicated prior to use. Bilayer experiments were performed essentially as previously described (53) . Planar lipid bilayers of 3:1 (w:w) 1,2-diphytanoyl-sn-glycero-3-phosphocholine:1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (DPhPc:POPA) were painted over a 300 "M polystyrene hole separating two chambers.
Vesicles were added to the cis chamber filled with 4 mL 10 mM Hepes pH 7.5, 150 mM KCl while the trans side contained 3 mL 10 mM Hepes pH 7.5, 15 mM NaCl. Once vesicles were fused with the bilayer NaCl was made 150 mM on the trans side.
Measurements were made with the voltage-clamp method in whole-cell mode using an Axopatch 200B amplifier, a DigiData 1440A analogue-to-digital converter, and Clampex software (Axon instruments). Analogue data were filtered at 1 kHz and sampled at 10 kHz.
Software. Crystallographic programs from the CCP4 suite were used throughout structure determination (54) . Structure figures were generated with Pymol (55).
Alignments were made with MAFFT (56) and visualized with JalView (57). This set of interactions is conserved in all known K + channel structures except for the eukaryotic inward rectifiers (28) where a disulfide bond between cysteines in analogous positions to T139 and E54 tethers the inner helix to the channel core. In (B), E221 is
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shown, but it does not form a similar interaction network with residues at the extracellular end of the inner helix in pore domain 2 due to the extended linker and lateral displacement of the outer helix from the channel core. E221 is in an analogous position to E54 from pore domain 1, but is not conserved in pore domain 2 of K2P channels. 
